The main objective of this study was to develop an efficient coating to increase the wear resistance of cold work die steel at different temperatures. The microstructures of high-velocity oxygen-fuel (HVOF)-sprayed WC-CoCr coatings were evaluated using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The effect of temperature on the tribological properties of the coatings and the reference Cr12MoV cold work die steel were both investigated by SEM, environmental scanning electron microscopy (ESEM), X-ray diffraction (XRD), and a pin-on-disk high-temperature tribometer. The coating exhibited a significantly lower wear rate and superior resistance against sliding wear as compared to the die steel at each test temperature, whereas no major differences in terms of the variation tendency of the friction coefficient as a function of temperature were observed in both the coatings and the die steels. These can be attributed to the presence of nanocrystalline grains and the fcc-Co phase in the coating. Moreover, the wear mechanisms of the coatings and the die steels were compared and discussed. The coating presented herein provided a competitive approach to improve the sliding wear performance of cold work die steel.
Introduction
Friction, as one of the major sources of energy dissipation between the contact surfaces, is the main cause of wear and is also a common phenomenon in many industries such as rolling, packaging and mineral processing, where cold work die steel is widely used [1] . Most engineering components require the application of advanced materials that are resistant to wear in order to prevent or decrease material losses due to wear, to reduce the downtime of the equipment, and to increase efficiency and component quality. In order to meet these requirements, various metals [2] , ceramics [3] , and surface materials [4, 5] with a unique combination of corrosion and wear resistance and high-temperature stability are being investigated and considered as effective methods to tailor the properties of engineering components [4] [5] [6] [7] [8] . In particular, surface technologies have been applied to a wide variety of materials without the necessity of using expensive and time-consuming heat treatments or alloying techniques, which can significantly change surface properties and may beneficially enhance the wear resistance of engineering materials [6, 7] . As one of the most commonly-used surface coating technologies, thermal spraying has played a major role in the development of solutions for new technological problems as well as in the understanding of friction and wear mechanisms [8] [9] [10] .
Ceramic-metal (i.e., cermet) is formed by at least a hard and a tough metallic binder phase to achieve specific properties for particular applications as a result of its exceptional toughness, high mechanical strength, corrosion and wear resistance [11] . For carbide cermet coatings, the chemical stability and oxidation resistance during the spraying process, which depend on chemical composition, microstructure, and surface condition of raw powders, should be improved when coming to the most demanding applications. Besides, the proper selection of thermal spraying techniques and the optimization of spraying process are also important steps [12] [13] [14] . High-velocity oxygen-fuel (HVOF) spraying is an option for these sorts of problems, as well as for the suppression or reduction of the decarburization and dissolution of carbides. In recent decades, considerable attempts have been devoted to improving the mechanical and wear properties of HVOF-sprayed WC-based cermet coatings through the proper choice of carbide size, binder phases and processing parameters [15] [16] [17] [18] [19] [20] . Yang et al. [15] found that a higher wear rate is found with increasing carbide size for HVOF-sprayed WC-Co coatings. Meanwhile, Wesmann and Espallargas [16] investigated the tribological behaviors of HVOF-sprayed WC-CoCr coatings containing different carbide sizes and found that the effect of primary carbide size on friction and wear is marginal and somewhat inconsistent. Bolelli et al. [18] compared the dry sliding wear behaviors of HVOF-sprayed WC-(W,Cr)2C-Ni and WC-CoCr coatings. It was found that the WC-(W,Cr)2C-Ni coating exhibited a better wear resistance than the WC-CoCr coating, particularly at higher temperatures. Qiao et al. [20] reported that the hardest and toughest WC-Co coatings with superior tribological performance are obtained with a hot, neutral flame during the HVOF spraying process. Furthermore, the addition of Al into an HVOF-sprayed nanostructured WC-12Co coating is an effective method to enhance wear resistance [21] . However, till now, there is only limited works focus on sliding wear of HVOF-sprayed WC-based coatings at different temperatures [22, 23] . Despite a high volume of published work, the high temperature wear properties of HVOF-sprayed WC-CoCr coatings have not been entirely understood.
In the past, the authors have demonstrated that HVOF-sprayed WC-CoCr coatings exhibit superior tribological properties as compared to the Cr12MoV cold work die steel at different loads, owing to the presence of a soft binder and a homogeneous dispersion of fine WC grains within the coating [24] . To our knowledge, there is still lack of systematic research on the relationship between detailed microstructures and sliding wear properties of HVOF-sprayed WC-CoCr coatings at different temperatures. The present study aimed to discover the effect of temperature on the sliding wear behavior of the WC-CoCr coating and to illustrate the dry sliding wear mechanisms at different temperatures in relation to the microstructures.
Experimental Procedure
Commercially available WC-CoCr cermet powder (Large Solar Thermal Spraying Material Co. Ltd, Chengdu, China) with a particle size of 15~45 μm was used for HVOF spraying in this study. The nominal composition of the cermet powder was, by wt.%: 4.0 Cr, 10.0 Co, 5.3 C, and 80.7 W. The WC-CoCr coating was deposited on Cr12MoV cold work die steel substrates with a thickness of approximately 200 μm by using an HVOF spray system (Praxair Tafa-JP8000, Danbury, CT, USA). Before spraying, the substrates were degreased with acetone in an ultrasonic bath, dried in hot air, and then adequately sandblasted with alumina (550 μm). The deposition of the coatings was conducted at the following conditions: a kerosene flow rate of 0.38 L·min −1 (standard liter per minute (SLPM)), oxygen flow rate of 897 L·min −1 , spray distance of 300 mm, argon carrier gas flow rate of 10.86 L·min −1 , powder feed rate of 50 g·min −1 , and spray gun speed of 280 mm·s −1 .
A scanning electron microscopes (SEM, Hitachi S-3400N, Tokyo, Japan) equipped with an energy dispersive spectroscope (EDS, EX250), alongside a high-resolution transmission electron microscope (HRTEM, JEOL JEM-2100F, Tokyo, Japan) were utilized to characterize the microstructures of the coating. Specimens for the TEM examination were prepared by grinding, polishing, mechanical dimpling, and argon ion milling to achieve electron transparency. The porosity of the coating was calculated by randomly using an image analyzer on 20 optical microscopy (OM, Olympus BX51M, Tokyo, Japan) images with a magnification of 500 from polished cross sections of the coating.
Dry sliding friction and wear tests were conducted on a commercially available, pin-on-disk high-temperature tribometer (Beilun MG-2000, Zhangjiakou, China) according to standard ASTM G99-05 [25] . Before the test, all coating and die steel specimens were grinded by 240#, 400#, 600#, 800#, 1000#, 1500# and 2000# SiC abrasive papers, polished by 2.5 and 0.5 μm diamond pastes, cleaned in an ultrasonic bath with acetone, and subsequently dried in hot air. The average surface roughness (Ra) values of the specimens were 0.02 μm. In the test, the upper pin of Al2O3 ball with a diameter of 6 mm as the friction counterpart was stationary, while the counterface disk with a diameter of 45 mm and a thickness of 7 mm was rotated. The mating materials were HVOF-sprayed WC-CoCr coatings and Cr12MoV cold work die steel. Dry sliding tests were performed in air at room temperature (RT), 200 °C and 500 °C. The relative humidity varied between 35% and 55%. A normal load of 50 N and a sliding velocity of 0.9 m·s −1 for 30 min were applied. The frictional moments were consistently recorded by a computer. After the test, the Ra values and the wear tracks of all coating and die steel specimens were measured by a profile and roughness tester (Taiming JB-4C, Shanghai, China). The wear rate was calculated by dividing the volume loss by load and sliding distance. The morphologies of worn surface of the coatings were examined by SEM and EDS. The surfaces of the samples inside the wear tracks were further investigated by X-ray diffraction (XRD, Bruker D8-Advanced, Karlsruhe, Germany) with Cu Kα radiation (λ = 1.54 Å) and step 0.02° operated at 40 kV and 40 mA in order to characterize the structure of the oxide scale that was formed at the various testing temperatures. The XRD patterns were taken with a beam spot size of 0.4 mm × 2 mm, ensuring the focus of XRD optics and considerable diffraction intensity on the wear tracks. The worn surfaces of the Cr12MoV cold work die steel were characterized by environmental scanning electron microscopy (ESEM, Philips XL30, Hillsboro, Holland). Tests were conducted at least thrice for each condition to ensure the repeatability and reliability of the reported data.
Results and Discussion

Microstructural Analysis of WC-CoCr Coatings
Our previous studies [26, 27] have shown that conventional WC-CoCr coatings can be successfully synthesized by HVOF spraying technology and an optimal spray parameter can be obtained. The coating was mainly composed of WC, W2C and an amorphous phase. Figure 1 shows the typical cross-sectional morphologies of the coating deposited on the AISI 1045 steel substrate. This is revealed from the overall view shown in Figure 1a , which shows that the coating possessed a dense microstructure and the interface of the coating and substrate was compact without obvious stripping. The thickness value was about 200 μm for the coating. As shown in Figure 1b , few internal defects such as pores and microcracks were observed. The coating had a low porosity value of 0.77%, resulting from high flame velocity and low flame temperature of the HVOF spraying process, which restrains decarburization [27] . There was a homogeneous distribution of tungsten carbide grains, as shown in the magnified image of the rectangular frame in Figure 1b . Additionally, inter-lamellar oxidation is indicated by yellow arrow in Figure 1c , which may have been due to the reaction between tungsten and oxygen that came from the spraying chamber [28, 29] .
TEM and HRTEM images illustrating the detailed microstructure of the coating are shown in Figure 2 . From Figure 2a , it can be seen that nanocrystalline grains were randomly oriented in the amorphous matrix and could be observed to be about 10 nm in size. The composition of amorphous matrix was Co-W-C, which was due to the high cooling rate of the splats. This is similar to phenomenon reported by Stewart et al. [30] and Li et al. [31] . According to the HRTEM image and selected area electron diffraction (SAED) pattern shown in Figure 2b ,c, the nanocrystalline grains with an interplanar distance of 0.23 nm grew in parallel to the [100] zone axis, which corresponded to the W2C phase. On the one hand, the size of nanocrystalline grains in the nanometer range was due to the presence of the amorphous phase, which can hinder grain growth during the coating process [32] . On the other hand, the formation of the nanocrystalline grains in the coating may lead to the enhancement of mechanical properties as a result of dispersion strengthening. A similar result was also observed by Lee et al. [33] . It is possible that the nanocrystalline/amorphous structure formed as a result of the solid state transformation and partial crystallization of the amorphous structure induced by the preferred oxidation on the in-flight particles surface and the thermal fluctuation from the subsequent splats [34, 35] . The TEM analysis performed on the coating also indicated the presence of the fcc-Co phase, as shown in Figure 2d . The corresponding SAED pattern is shown in Figure 2e , which indicates that the Co phase was indexed to a face-centered cubic structure with the incident beam parallel to the zone axis of [320]. Human et al. [36] reported that compared to the hcp-Co phase, the fcc-Co phase is expected to be thermodynamically more stable. Hence, the presence of the fcc-Co phase is beneficial to the wear resistance of a coating at high temperatures. 
Friction and Wear Properties
The friction coefficients data were continuously recorded by the high-temperature tribometer over a sliding time of 30 min. The typical friction coefficients of the HVOF-sprayed WC-CoCr coatings and Cr12MoV cold work die steel at different temperatures are shown in Figure 3a ,b, respectively. It can be seen that all of the tests experienced a running-in period followed by a gradual stabilization in the friction coefficient value, which is consistent with the literature [37, 38] . In all cases, the friction coefficient value was initially low and subsequently attained a steady state. This can be attributed to the evolution of tribo-oxidation products between the asperity contact of the tribopair at an early stage and the severe micro-fracture and subsequent pull-out of grains at a later stage of sliding [39] .
Moreover, the fluctuation of the friction coefficient and the running-in period both decreased in duration with the increasing temperature, probably due to the lower initial resistance to the conformation between the two sliding surfaces as a result of the formation of larger amounts of the oxide films with lubricating properties at higher temperatures. This also suggests that there was a more efficient activation of wear protection processes at higher temperatures, which can be attributed to the more uniform distribution of the lubricating oxides over the wear track and the more active sites for oxidation induced by the larger fraction of interphase boundaries [40] . The average values for the friction coefficient during the steady period, Ra, of the worn surfaces and the wear rate are presented in Table 1 . There was an approximately 25% increase in the friction coefficient of the coating when test temperature increased from RT to 200 °C. Additionally, it can be observed from Table 1 that the friction coefficient of the coating at 500 °C yielded the lowest friction coefficient value, which was about 29% lower than that at 200 °C. We can deduce that the wear track of the coating at 200 °C had a rougher contact surface and different oxide composition compared to that at RT, and the wear track of the coating at 500 °C appeared to be covered with friction oxide layers as a result of the oxidation of wear debris after the long-term action of high temperature contact between the coating and the Al2O3 ceramic. Furthermore, the interposition of the tribo-oxidation film between the coating surface and the Al2O3 ceramic ball at 500 °C prevented direct contact and decreased the friction coefficient. The findings in this study are similar to observations in a publication by Bolelli et al. [18] , where the dry sliding wear behavior of HVOF-sprayed WC-(W,Cr)2C-Ni and WC-CoCr hard metal coatings at different temperatures was studied. Wesmann and Espallargas [16] also reported that temperature has a greater effect on friction coefficient than the atmosphere and the carbide size of HVOF-sprayed WC-CoCr coatings. In our study, the average friction coefficients during the steady period of the Cr12MoV cold work die steel at different temperatures were 0.75, 0.79 and 0.38, respectively. It is worth noting that the variation tendency of friction coefficient as a function of temperature for the die steel showed a similar feature, although the reduction of the friction coefficient from 200 to 500 °C for the die steels was more significant compared to that for the coatings. In addition, the Ra value of worn surface and the wear rate both increased with increasing test temperature for the coatings and the die steels, which suggest that the sliding wear mechanism may be changed at different temperatures. For the coatings, the wear rate increased from 3.58 × 10 −5 mm 3 ·N −1 ·m −1 at RT to 9.79 × 10 −5 mm 3 ·N −1 ·m −1 at 500 °C. Similarly for the die steels, the wear rate firstly increased from 9.76 × 10 −5 mm 3 ·N −1 ·m −1 at RT to 14.39 × 10 −5 mm 3 ·N −1 ·m −1 at 200 °C, then climbed sharply to 150.4 × 10 −5 mm 3 ·N −1 ·m −1 at 500 °C. These changes were mainly related to the content and distribution of oxides, as can be seen in detail in undermentioned worn surfaces analysis, as well as to the change of structures and mechanical properties [41] . The second reason for these changes may be that the hardness of the coating increased when test temperature increased from RT to 500 °C, whereas the fracture toughness showed the reverse tendency, resulting in the lowest wear resistance at 500 °C. This is similar to phenomenon reported by Wang et al. [42] . The third reason is the change in contact geometry, which resulted in a low friction coefficient. Moreover, the lubrication regime may have shifted during high temperature sliding, although the formation of tribo-oxidation films was more evident at higher temperature where they covered a larger fraction of the surface. In terms of the comparison between the HVOF-sprayed WC-CoCr coatings and Cr12MoV cold work die steel, the variation of the friction coefficients and wear rates as a function of temperature are shown in Figure 4a ,b, respectively. It is clearly shown that the friction coefficients of the die steels were higher than those of the coatings at most test temperatures except at 500 °C (Figure 4a ). The notable decrease of the friction coefficient from 200 to 500 °C for the die steels was caused by the absence of pores and oxide inclusions in steel and the formation of compact and smooth oxide films with a self-lubricant function on the surface. For each test temperature, the wear rates of the coatings were consistently lower than those of the die steels, especially at 500 °C (Figure 4b ). This is because the coating with the fcc-Co phase and nanocrystalline grains could increase its stabilization, mechanical strength and resistance to plastic flow, therefore resulting in a lower wear rate of the coating at high temperatures. The die steel did not show an improved anti-wear performance at 500 °C, even though it presented the lowest friction coefficient, which can be attributed to the strong plastic deformation and local failure of the materials. 
Worn Surfaces Analysis
After dry sliding against Al2O3 ball at different temperatures, the worn surfaces of the HVOFsprayed WC-CoCr coatings and Cr12MoV cold work die steel were investigated by SEM, ESEM and EDS in order to determine the predominant wear mechanism. Figure 5 presents the SEM images of the worn surfaces of the coatings after 30 min sliding with a load of 50 N and a sliding speed of 0.9 m·s −1 . An examination of the elemental content of non-rubbed surface and different regions of wear scars by the EDS analysis is shown in Table 2 . From Figure 5a ,b, it can be seen that the worn surface of the coating at RT exhibited relatively smooth characteristics with extrusion deformation sparsely distributed on it. Additionally, small amount of pits and carbide pull-out were detected, demonstrating that severe plastic deformation took place at the carbide-binder interface and cracks initiated at the defects under friction stress. Furthermore, Co, W and O were the primary elements according to the EDS analysis (wt.%) of point A, which suggests a possible formation of oxides. As the test temperature increased to 200 °C, severe wear traces with oxidized clusters could be seen spreading over the worn surface (Figure 5c ) as could cracks, carbide pull-out, and adhesion between the coating and the Al2O3 ceramic (Figure 5d ). The EDS results of point B illustrate a high weight percentage of W and O, confirming that a greater number of oxides were identified on the dark clusters as compared to that at RT. The EDS results of point C demonstrate that W, Al and O appeared on the white debris, although the quantities of the white debris were tiny. The existence of Al content confirms that the adhesive wear phenomenon was formed during the sliding process at 200 °C. The majority of the worn surface of the coating at 500 °C was covered by oxide wear debris and tribooxidation film (Figure 5e ), which is verified by the EDS analysis of point D in Figure 5f and is consistent with previous studies [43] . The EDS spectrum of point D reveals that the dark grey materials primarily contained Co, W and O. During sliding wear at 500 °C, tribo-oxidation film may have broken up and led to the oxidation of the wear debris when it reached the critical thickness. In addition, wear tracks exhibited cracks and carbide pull-out, along with some regions of fatigue delamination. It is suggested that tribo-oxidation and fatigue wear contributed to the dominant wear mechanism of the coating at 500 °C, resulting in the higher wear rate. As shown in Figure 5 and Table 2 , there were light gray areas (labeled as points E, F, and G) on worn surfaces at all test temperatures, and the regions in light gray tone mainly contained W and Co along with the presence of O. Compared with the non-rubbed surface, the content of O on the light gray areas was significantly increased, confirming that slight oxidation occurred along with wear track during sliding wear at all test temperatures, particularly at 500 °C. Moreover, the content of oxygen on the surface rubbed at 200 °C (positions B and C) was higher than those on the surface rubbed at 500 °C (positions D and G), which may have been due to the appearance of adhesive wear as a result of adhesion between the coating and the Al2O3 ceramic. Table 2 . The energy dispersive spectroscopy (EDS) analysis results corresponding to the positions in Figure 5 and the non-rubbed surface. Figure 6 depicts representative ESEM images of worn surfaces of the die steels after 30 min sliding with load of 50 N and a sliding speed of 0.9 m·s −1 . As shown in Figure 6a , a large amount of wear debris in the shape of floccules could be observed on the wear track at RT. This can be explained by the fact that the microhardness of the die steel was 650 HV0.1, well below that of the upper pin of Al2O3 ball. At the early stage of sliding, the die steel mainly experienced severe plastic deformation. In the progress of sliding wear, the forming, expanding and spalling of cracks took place under the stress of extrusion and friction, which led to the formation of wear debris and to the flocculent accumulation of debris. Figure 6b shows that shallow wear grooves, the spalling of carbides and striplike carbides with the characters of clumped existed on the worn surface of the die steel at 200 °C. This shows that strip-like carbides are capable of withstanding wear grooves to some extent. The reason for this may be that the microhardness of the strip-like carbides (823 HV0.1) was higher than that of the bulk-like carbides (747 HV0.1), which is associated with the enhancement of strength and wear resistance in die steels. In addition, the Cr7C3-carbide, as evidenced by XRD analysis in Figure  7b , has a relatively high fracture toughness [44] that contributed to the positive effect on the wear resistance. Wayne et al. [45] found that the higher the fracture toughness, the lower the abrasive wear rate for a range of sintered WC-Co cermet. Huth et al. [46] also reported that M7C3-carbides can efficiently deflect wear path. Though the strip-like carbides potentially act as strengthening phases, their spalling is not negligible due to the irregular shape of carbides and the friction stress as the temperature increases, which causes severe abrasive wear and resulted in the growth of the wear rate, as seen in Figure 4b . As the test temperature increased to 500 °C (Figure 6c ), a severe plowing phenomenon was observed on the worn surface of the die steel, and this contributed to the extremely high volume loss. Under the combined effect of internal stress, thermal stress, and friction stress, the wear debris and oxides formed furrows on the worn surface as a result of fragmentation and exfoliation, and then the abrasive wear obviously occurred. The coating and die steel samples were analyzed with XRD to identify and understand the wear mechanisms responsible for the variation of microstructural constituents after the sliding at different temperatures. Figure 7 illustrates the XRD patterns of the worn surfaces of the HVOF-sprayed WC-CoCr coatings and Cr12MoV cold work die steel at different temperatures. The XRD analysis of the coating (Figure 7a ) after sliding wear at RT and 200 °C identified the presence of WC and W2C carbides, as expected when considering the coating composition. In the meanwhile, no evidence of the presence of oxides was found, which suggests that the content of oxides may have been too low to be detected by XRD analysis, and tribo-oxidation was not obvious at relatively low temperature. After sliding wear at 500 °C, WC and W2C were the main phases, though some additional peaks corresponding to WO3 alongside some minor CoWO4 were also identified, suggesting a uniform distribution of oxide phases in the mixture. Comparing the XRD patterns of the coatings at RT and 200 °C, it could be seen that with the increasing test temperature, the intensities of oxide peaks increased (especially the peaks corresponding to WO3). Similarly for the die steels (Figure 7b ), a significant change in the XRD pattern at 500 °C was that new phase of Fe2O3 could be identified as compared to those at RT and 200 °C, which indicated the presence of a fraction of the oxide wear debris. Furthermore, the intensities of oxide peaks for the die steel were obviously higher than those for the coating after sliding wear at 500 °C. This may have been because of the presence of the fcc-Co phase (as evidenced in TEM analysis of the coating), whose oxidize rate is relatively low at high temperatures [36, 47] . Therefore, the HVOF-sprayed WC-CoCr coating exhibits potential application on Cr12MoV cold work die steel. 
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Conclusions
The experiments were conducted by using HVOF spraying to fabricate a WC-CoCr cermet coating to improve the surface tribological properties of Cr12MoV cold work die steel. The main conclusions can be drawn from this work are as follows:
(1) The HVOF-sprayed WC-CoCr coating had a dense microstructure and compact interfacial bonding. A nanocrystalline/amorphous structure and an fcc-Co phase could be obtained in this coating, which could increase the mechanical strength, reduce the oxidize rate and maintain the resistance to sliding wear of the coating in comparison with die steel. (2) Dry sliding friction and wear tests indicated that the Ra value of the worn surface and the wear rate both increased with increasing test temperature for the coatings and die steels, while the friction coefficient firstly increased as the test temperature increased from RT to 200 °C and then decreased from 200 to 500 °C. For each test temperature, the Ra value of worn surface and the wear rates of the coatings were consistently lower than those of the die steels, especially at 500 °C. (3) After the sliding wear at RT and 200 °C for the coating, the presence of oxides was not identified by XRD analysis. The intensities of WO3 and CoWO4 peaks increased as the test temperature reached 500 °C. As for the die steels, a new phase of Fe2O3 was identified in the XRD pattern at 500 °C as compared to those at RT and 200 °C. (4) The tribological properties of coated steel were improved, which could be attributed to its high hardness, low surface roughness, and friction coefficient resulting from the formation of nanocrystalline/amorphous structure and the fcc-Co phase in the coating. (5) The sliding wear mechanisms of the coatings were extrusion deformation at RT, carbide pullout and adhesive wear at 200 °C, and tribo-oxidation wear and fatigue wear at 500 °C. The mechanisms involved in the sliding wear process of the die steels with the increase of the temperature were plastic deformation, the flocculent accumulation of debris, the formation of strip-like carbides, furrows, and abrasive wear. 
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